Prescribed and wild fires play a significant role in the ecology of upland areas; changes in the frequency and intensity of both can have significant effects on biodiversity and ecosystem function. Whilst the way we manage fire in the future will depend on desired outcomes, the risk of wildfires and the suitability of conditions for prescribed burning will depend on climate, land-use and environmental change. Changes in relative fire risk and hazard therefore need to be carefully considered when setting management policy. Fire has long been used as a management tool in the uplands of the UK but there has been little formal support or training, and emphasis has been placed on traditional knowledge. While there is pressure in some quarters for a reduction in the use of fire, prescribed burning can be used to protect biodiversity assets and reach a range of management objectives. Large areas of old heather excluded from rotational burning pose a significant fire hazard. Wildfires in such areas will be more intense and severe, and more likely to ignite peat, causing considerable environmental damage and releasing large quantities of carbon. We argue for an ecological basis for the use of fire and seek to open a debate by briefly reviewing the main controls on fire risk in upland areas and discussing existing management and its challenges with regards to three case studies: traditionally managed moorland, forestry and peatland soils. We make recommendations for future management and suggest significant challenges exist for managers and researchers that need to be dealt with urgently. 2006). The effects of both natural and anthropogenic fire have, along with grazing, had enormous influence in shaping the British landscape, resulting in the large areas of open, treeless moorland characteristic of the uplands. Management fire in the UK is mostly associated with Calluna International
INTRODUCTION
Fire has been a dominant force in the ecology of the uplands throughout the Holocene, and evidence suggests that human manipulation of fire regimes stretches back as far as the Mesolithic (e.g. Simmons and Tooley 1981; Moore 2000; Innes and Blackford 2003; Froyd 2006 ; Dodgshon and Olsson vulgaris-dominated heaths, where narrow strip fires have been used systematically for the last 200 years to develop a mosaic habitat structure suitable for red grouse (Lagopus lagopus scoticus) (e.g. Miller and Watson 1978; Palmer and Bacon 2001) . Peatlands and grasslands are also burned, though often in a less formal style, to provide improved grazing for deer (Cervus elaphus) and sheep (Ovis aries) (Thompson et al. 1995) . There is argument over the extent (Hester and Sydes 1992; Hester et al. 1996; Yallop et al. 2006 ) and impact (Tucker 2003) of such burning, but, in truth, our knowledge is at best incomplete. The use of fire probably varies significantly, both regionally and locally, with some moors being intensively managed and others all but set-aside from burning, depending on land use, local economics and site productivity. Current recommendations, which are based largely on traditional practice and existing knowledge of Calluna vulgaris (hereafter Calluna; common name: heather) regeneration following fire, suggest a fire-return interval of roughly 10 to 20 years (SEERAD 2001b) .
Wildfires are a significant threat, often occur in remote locations, have been observed to cover areas of over 5000 ha (BBC 2007) , burn for several days, require hundreds of fire-fighters to extinguish (Black 2007) , and need extensive post-fire restoration (Davies 2004; Vyner 2007) . Bad fire years, with a large number of wildfires or burnt areas, are, however, sporadic, with notable examples occurring in 1976 (Legg et al. 1992; Maltby et al. 1990 (Palutikof et al. 1997 (Davies 2005 , Asken Ltd. 2004 (Fire Brigades' Union 2006 . There is anecdotal evidence that the threat of wildfires in the UK is increasing. Doward and Francis-Pape (2007) suggest, for instance, that there were on average 37,371 grassland and heathland blazes per year between 1986 and 1993, but an average of 60,332 a year between 1994 and 2005. It is unclear, however, where such information originates from, and we have little idea of the true extent and impact of wildfires and are only now beginning to synthesise the data from numerous disparate sources (Table 1) Legg et al. 2007) .
The UK, in contrast to countries such as Australia, New Zealand, Canada and the USA, is something of an anomaly, being an industrialised nation where there is little formal knowledge of fire behaviour or general principles of wildland fire management, but where wildland fire plays a significant part in its environment and can at times place a strain on the emergency services . Several key terms that are used throughout this paper thus require definition (Table 2) . Until very recently there was no national fire danger forecasting system and, even now, the Met Office Fire Severity Index (Kitchen et al. 2006) only covers part of the UK, and there are questions about its performance, particularly for shrub vegetation (Anderson 2006; Legg et al. 2007) . Both management burning and wildfires remain controversial topics and, in the context of climatic and environmental change, there is an urgent need to encourage informed and rational debate, identify knowledge gaps, and stimulate appropriate future research. Whatever one's views about the impact of fire, it is important to bear in mind that any change in the amount of burning will have significant effects on upland landscapes in the UK. This paper gives an important insight into the challenges of developing an evidence-based ethos for fire management. We seek to promote discussion about the role of fire by examining its management with regard to three case studies: traditionally managed heather moorland, forests and woodlands, and peatland soils. We go on to present a series of proposals for fire management in the future.
Factors controlling fire hazard, risk and behaviour
Fire in the British uplands plays a central role in carbon and nutrient budgets, landscape and patch biodiversity, as well as influencing rates of erosion and water quality and determining overall habitat characteristics. Several recent reviews have provided thorough summaries of many of these impacts, both positive and negative (e.g. Shaw et al. 1996; Neary et al. 1999; Tucker 2003; Gray et al. Fire management in the British uplands Davies et al. Table 1 The number of wildfires attended by the Fire and Rescue Services in four regions of Scotland between the start of 2003 and the end of 2006 2006). Fire behaviour research has however proceeded in fits and starts (Whittaker 1961; Kayll 1966; Thomas 1971; Hobbs and Gimingham 1984a) , although a number of studies have been completed in recent years (Hamilton 2000; Bruce and Servant 2003; Davies 2005; ). We also have good knowledge of the effects of fire on vegetation and on post-fire regeneration in heather-dominated moorlands (e.g. Kayll and Gimingham 1965; Gimingham 1972 Gimingham , 1988 Gimingham et al. 1981; Hobbs and Gimingham 1984b; Maltby et al. 1990; Bullock and Webb 1995; Legg 1995) . To fully appreciate the risks and behaviour of both wild and management fires, an understanding of the factors governing fire behaviour is necessary, as is an understanding of some basic fire management terminology (Table 2) . A significant amount of research has been completed elsewhere in the world and several authors provide excellent introductions to fire behaviour and its impacts (e.g. Bond and Van Wilgen 1996; Pyne et al. 1996; Drysdale 1998; Johnson and Miyanishi 2001) . Without going into detail, we can identify a number of important determinants of fire hazard risk and behaviour, which we present here separately for clarity, but which in reality often interact in complex ways.
• Fuel structure: the type, quantity and arrangement in space of vegetation are all important factors governing fire. In stands of Calluna, for instance, older areas represent a greater fire hazard due to the increased amount of fuel, lower bulk density and increased proportion of dead material (Davies et al. 2008 ).
• Weather: day-to-day and month-to-month variations in weather conditions (including precipitation, temperature and humidity) govern the amount of moisture held in both live and dead vegetation, which is crucial in determining
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Term Definition

Fire danger
General term used to express an assessment of both fixed and variable factors of the fire environment that determine the ease of ignition, rate of spread, difficulty of control and fire impact.
Fire hazard
Measure of that part of the fire danger contributed by the fuels available for burning. Note: this is worked out from the relative amount, type, and condition, particularly the moisture contents.
Fire regime
Pattern of fire occurrence, size, and severity -and sometimes also vegetation and fire effects -in a given area or ecosystem. It integrates various fire characteristics. The classification of fire regimes includes variations in ignition, fire intensity and behaviour, typical fire size, fire return intervals, and ecological effects.
Fire risk
Probability of fire initiation due to the presence and activity of a causative agent.
Fire severity
Degree to which a site has been altered or disrupted by fire.
Fireline intensity Rate of heat release per unit time per unit length of fire front. Numerically, the product of the heat of combustion, quantity of fuel consumed per unit area in the fire front, and the rate of spread of a fire, expressed in kW m −1 . Often referred to simply as 'intensity' or 'fire intensity'.
Prescribed fire A management-ignited wildland fire or a wildfire that burns within prescription, i.e. the fire is confined to a predetermined area and produces the fire behaviour and fire characteristics required to attain planned fire treatment and/or resource management objectives. (cf. prescribed burning).
Wildfire
Any unplanned and uncontrolled wildland fire that, regardless of ignition source, may require suppression response, or other action according to agency policy. 2008] . In addition, we use the term 'managed burning' to indicate fires intentionally set and controlled to meet management objectives but which, by failing to adequately account for fire behaviour and ecological response, cannot be considered 'prescribed' flammability (Pyne et al. 1996) . Other factors, such as wind speed, also influence fuel moisture (Van Wagner 1987) but have a direct influence on fire behaviour by flattening flames and increasing pre-heating of fuel ahead of the spreading fire, resulting in faster-moving burns (Pyne et al. 1996 ).
• Climate: long-term climatic patterns play an important role in determining fire danger, primarily through their influence on vegetation and therefore fuels. Long-term patterns of precipitation, frozen ground and frost influence seasonal patterns of growth, and live and dead fuel moisture content (Davies 2005) as well as the curing or ripening of grasses (Cheney and Sullivan 1997; Taylor et al. 2001 ). In the longer term, climate is an important factor in determining the type and structure of vegetation/fuel types(s) that may exist in an area, and important feed-backs exist between a changing climate, fuels and fire regimes (Davies 2008).
• Physical environment: factors such as altitude, topography, aspect and soil type are allimportant to fire risk, combustion and spread. Aspect and soil type, for instance, have important impacts on fuel moisture dynamics, whilst slope affects fire behaviour in a way analogous to wind (Pyne et al. 1996) .
• Human influence: the fire regime of the UK is largely governed by humans. Historical use of fire means that flammable landscapes exist even in the absence of contemporary traditional burning; the UK is in a bioclimatic zone that, despite being oceanic, still allows for some 'natural' fires. The vast majority of fires are caused by people, however, and although we have some records of naturally occurring wildfires (Allison 1954; Weatherall 1954) , such outbreaks are rare. Factors such as ease of access, holiday periods and proximity to urban areas may all be important in governing the risk of accidental fires (Kirby and Tantram 1999; McMorrow et al. 2006; Legg et al. 2007) , whilst socio-economic status and education may influence peoples' behaviour (e.g. Willis 2004; Mercer and Prestemon 2005; Prestemon and Butry 2005) . Demand for traditional rural sporting pursuits, the status and economics of agriculture, conservation and land-management targets may also affect the amount of management burning and impact on vegetation, and thus the distribution and nature of fuels.
Factors driving changes in fire regime
Environmental, social and climatic changes over the course of the next century are likely to cause significant changes in fire regimes, and the threats posed by these are increasingly recognised (Sutherland et al. 2008) . Possible factors of current concern that could increase fire risk include:
• Declines in the abundance of wild grazing animals, such as red deer, due to concerns over land degradation and lack of forest regeneration (Clutton-Brock et al. 2004) , alter fuel structure at the landscape scale and lead to more extensive, severe and intense fires.
• Reform of the European Commission's Common Agriculture Policy (CAP), reducing stocks of domestic herbivores and thus grazing, caused by the removal of production-linked subsidies, also impacts on fuels through decreased off-take and increased fuel loads and again leads to larger more intense fires.
• Increased risk of accidental ignitions from public access to the countryside following the introduction of statutory land access rights legislation in Scotland and 'open access land' in Wales and England, as well as an increasing emphasis on management for, and promotion of, recreation (Haigh 2008 ).
• Rising labour costs reduce resources for wildfire prevention and fighting, as well as for management and prescribed burning. Such factors may increase the number of escaped management burns and the extent of wildfires, or increase the size of individual management burns whilst reducing the total amount of management burning impacting on the habitat mosaic that the traditional use of fire creates.
• Climate change scenarios include an increased frequency and intensity of periods of drought and changing seasonal trends in fuel moisture content (McEvoy et al. 2006) , which could be extrapolated to mean an increase in fire hazard, although the issues are complex (Davies 2008).
In other areas, such as the USA, Scandinavia, Australia, Mediterranean Europe and Southern Africa, changes in fire management have had dramatic and often dangerous and ecologically damaging implications for fire regimes, with increases in both the number and intensity of wildfires in response to fire exclusion policies, land
abandonment and changing management objectives (e.g. Baker 1994; Williams et al. 1999; Johnson et al. 2001; Van Wilgen et al. 2004; Romero-Calcerrada and Perry 2004) . Decisions made in the next decade will be important in allowing us to react to such changes and manage their impacts. For most of its history management burning in the British uplands has been almost solely concerned with promoting grass and forage productivity for grazing and, for the last 200 years or so, habitat structures that produce large red grouse surpluses for shooting (Simmons 2003) . New objectives, and a concern with the provision of a range of ecosystem services such as biodiversity, carbon sequestration, water quality and recreation, are now becoming important and opening debates about modifying, or even banning, the use of management fire in some areas or habitats. It is important to remember however that fires will happen regardless of our intentions, and there is thus a need for us to think about manipulating fire regimes to achieve a range of management outcomes.
PRESCRIBED BURNING AND WILDFIRES IN THE UK
Management burning, or 'muirburn' as it is known in Scotland when associated with Calluna, is governed by the Muirburn Code (SEERAD 2001a) in Scotland, and the Heather and Grass Burning Act (DEFRA 2007) in Wales and England. These define the legal burning period (the beginning of October until a date in spring that depends on location and altitude), the requirements and responsibilities of managers completing management fires, and provide some best-practice advice. The vast majority of burning is done by gamekeepers, crofters, shepherds, farmers and other traditional land managers. There is little or no formal training available, although professional standards do now exist (LANTRA 2002a, b) . Fire control is usually achieved through practice-based knowledge of suitable burning conditions and the use of manual beaters to control the margins of the fire, but fire-fogging units and swiped, burnt or natural firebreaks may also be used.
No central authority records figures for management or wildfires for the UK as a whole or for the devolved countries (Wales, Scotland and Northern Ireland). Individual agencies such as the Forestry Commission, conservation bodies and fire brigades maintain databases on wildfires, but information is only now being collated and analysed (Legg et al. 2007) . Currently, the only data supplied by the UK to the UN Food and Agriculture Organization (FAO) on its annual area burnt (FAO 2001) is provided by the Forestry Commission (state forest agency), and this is only for wildfires on state-owned forestland. Understanding the spatial extent of managed, prescribed and wildfire in the UK is a key challenge for researchers and is significantly complicated by the fact that, aside from some government bodies such as the Forestry Commission and the Ministry of Defence, the vast majority of land is privately owned, with the rights of various stakeholders such as land-owners, gamekeepers, tenant farmers and crofters being intertwined with responsibilities based on multiple levels of conservation designations, participation in agri-environmental schemes and the need to ensure some level of economic productivity. In Scotland, in particular, land ownership is a sometimes thorny issue: just finding who owns a given area of land can be complicated (Wightman 1996) .
The majority of wild and prescribed burns occur on privately-owned heath-and grassland areas and, although many estates keep records, these are rarely open to scrutiny. Fire brigades may not attend a significant proportion of the wildfires that occur in the UK, as many are tackled by individual estates or groups of privately-owned estates. Drawing on the potential resource of estate records could provide extremely useful information, but would require private landowners to open up sensitive, personal information and be confident that this information would not be used to argue for further controls on fire management. Wildfires can cause significant environmental damage, threaten carbon deposits in peat, and result in bare areas that may take decades to recover (Maltby et al. 1990; Legg et al. 1992) . Considering that climatic and environmental changes in the uplands are likely to affect fire risk, we need to recognise that through prescribed burning we can manipulate the fire regimes of the British uplands to maintain and develop landscapes, maximise the ecological benefits of prescribed fire and, crucially, manage the threat and impact of wildfires. Defining future fire regimes will involve setting both strategic and local-level policies for fire risk management as well
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as targets for future landscape types that, reflecting economic realities and cultural aspirations, inform land-management strategies and practices. We seek to introduce the principle of best practice to the management of fire including, where appropriate, an aim for complete protection from fire. Here, we outline the role of fire in the management of heather moorland, forest and woodland and peatland and organic soils, before going on to make a number of recommendations for future management. These habitat-types are distributed widely across Britain but are dominant in the uplands of northern and western regions ( Figure 1 ).
MOORLAND MANAGEMENT
Though still relatively common in the UK, Callunadominated moorlands are globally a rare and declining habitat with an unusual and characteristic flora, supporting internationally important populations of breeding birds and other wildlife (Usher and Thompson 1993; Thompson et al. 1995) . The most significant feature of these landscapes is that they are anthropogenic, derived largely as a result of human action from forest and woodland clearance in the Neolithic era through to the rotational pattern of burning that became common roughly 200 years ago with the increasing popularity of grouse shooting (Simmons 2003) . The objectives of management practice today are nearly identical to those two centuries ago: fire is used to maximise Calluna productivity and create a diversity of stand ages that support high-population densities of breeding red grouse. In many areas this has led to virtual monocultures of Calluna, although cryptogamic community diversity can often be high (Davies and Legg 2008) . A number of threats to the current moorland character exist:
• Climate change has implications for species composition, growth rates, fuel load and structure (Wessel 2004) , and thus their relative flammability.
• Live fuel moisture regimes may change and reduce fire risk in spring but increase it in summer, when fires may have more severe impacts (Davies 2008).
• Nitrogen deposition may help to encourage the growth of grasses at the expense of Calluna cover (Hartley 1997; de Smit 1995) .
• Changes in grazing pressure, both due to pressure to reduce deer numbers (Hester and Miller 1993; Matthew 2002; Clutton-Brock et al. 2004) and as a result of CAP reform (Oglethorpe 2005) , will also lead to changes in vegetation structure and fuel accumulation rates and so to changes in fire hazard.
• The possibility also exists, however, for a continued loss to both commercial forestry and scrub/forest regeneration due to a decline in the profitability of extensive farming and, in Scotland, government targets that promote forest expansion (Forestry Commission Scotland 2008).
Sporting interests on traditionally managed heather moorlands are an important part of the rural economy (Thirgood et al. 2000) . Fire on moorland therefore needs to be managed in order to maintain the economic system that underpins land management, whilst seeking to maximise the conservation benefits of burning. Burning practice varies tremendously throughout the uplands (Figure 2 ), but well-managed heather burning, carried out by experienced gamekeepers, that considers the available recommendations (SEERAD 2001a, b; DEFRA 2007) whilst adapting to local conditions, has been shown to play an important role in retaining heather dominance in moorland areas that might otherwise have been lost (Hartley 1997; Robertson et al. 2001) . Traditional management techniques can be appropriate for managing threatened species such as hen harriers (Circus cyaneus) (Thirgood et al. 2000) , and the mosaic of heather habitats produced results in greater diversity at the landscape scale, thus helping to ensure ecosystem robustness to environmental change. In a number of countries with declining areas of heathland, prescribed fire is being researched or re-introduced as an important tool to prevent habitat loss (Sedláková and Chytrý 1999; Vandvik et al. 2005 , Ascoli et al. 2006 . While much burning is well-managed by experienced gamekeepers, there is rightly concern that there may also be some extremely poor burning practice. Burning either too often or not often enough can lead to a loss of heather cover. Deciding where this balance lies is a key challenge for local managers and depends upon local conditions and existing Calluna age and structure (Davies 2005) . Where and how much is burned needs to be assessed carefully alongside managing grazing pressure (Stevenson and Thompson 1993 ) and this should include an 'Adaptive Management' approach (sensu Holling 1978). Whilst we may not have official records, the results of burning can be seen on hillsides throughout the uplands, and it is obvious that wildfires can and do occur and that prescribed fires do escape control on some occasions. The existence of a robust fire forecasting system could help to significantly reduce the number of escaped management burns and accidental wildfires (Davies 2005), as could knowledge of the areas most at risk ). Scotland's climate and the limited availability of labour in the uplands means that, on most Scottish moors, management fire return intervals are longer than the recommended 10-20 year cycle (Hester and Sydes 1992) , although burning may be more frequent in some areas of England (Yallop et al. 2006 ) and in places close to roads, tracks and habitation . There is often significant pressure to burn as much as possible when weather is fine, and much attention is often placed on burning areas of older heather where regeneration may be very poor resulting in a long-term shift in habitat type. Fire behaviour in older mature and degenerate stands can be extreme even in comparison to that of shrublands in drier parts of the world (e.g. Van Wilgen et al. 1985; Catchpole et al. 1998; Fernandes 2001; ) and, crucially, is also much more variable, making it less predictable and subject to sudden changes in behaviour.
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Figure 2
Some examples of the use of muirburn in Scottish moorlands. a) Intensive but well managed muirburn has created a patchwork of Calluna stand structures that increase grouse productivity and help to control wildfire hazard. This moor might benefit from some areas being set-aside to develop into degenerate or mixed-age stands to further increase the diversity of habitats (photo: A Smith GWCT). b) Poor muirburn practice includes burning areas at risk of erosion that might be better left to develop into scrub or woodland in order to protect watercourses and increase habitat diversity (photo: A Smith GWCT). c) An example of poorly managed muirburn. Swipes have been used to try and create firebreaks but poor fire control and burning in inappropriate conditions has allowed two fires to escape control and burn large areas. The left-hand fire has also been burnt next to an area of dense bracken that has already invaded previously burnt areas. When not used as firebreaks immediately, swipes can be visually intrusive in the landscape (photo by the author)
A more holistic approach is needed to land management and, as a part of this, there should be greater awareness of the need to protect some areas from all burning. For example, fire in gullies and near scree slopes is likely to encourage erosion and may also have a negative impact on biodiversity by killing sensitive species such as liverworts and saxicolous lichens (Tucker 2003) . Although, from the perspective of both fire control and heather regeneration, it is undesirable to burn within extensive areas of older heather, these areas with their high-fuel loads, greater quantities of dead material and reduced bulk densities (Davies et al. 2008 ) represent a significant fire hazard. One by-product of intensive management burning is the breaking-up of extensive areas of mature and degenerate heather with areas of low-fuel load that provide fire control zones where wildfires can be more easily contained once they do start. Continued prescribed burning is crucial not only for maintaining moorland productivity but also for fire protection. Prescribed fire should be used to protect areas where a cessation of burning is a key part of the management plan, and it is ironic that it is just where no burning is wanted that well controlled, carefully-planned burning is most crucial. Wherever fire is used in such a way, consideration should be given to the importance of the visual and aesthetic impacts of fire or swiped firebreaks on the landscape (Brady 2003) .
FOREST AND WOODLAND MANAGEMENT
At one time, the UK was at the forefront of research into vegetation fire behaviour (e.g. Thomas 1967 Thomas , 1971 ) and invested heavily in fire protection (Charters 1954; Aldhous and Scott 1993) . High fire hazard associated with large areas of thicket and pre-thicket stage coniferous plantations led to frequent crown fires, which had significant financial and ecological implications. Nearly half a century on and, at a strategic level, the Forestry Commission's interest in forest fire has largely died away as plantations have matured, fire hazard has reduced and the value of timber has declined. Although there is interest in fire in forestry in the UK, particularly from private foresters, there is little strategic impetus to take the issue seriously (Forestry Commission Scotland 2008). The same drivers of change that may alter fire risk and hazard on moorlands are, however, likely to be important for forestry. The problem facing researchers and policy makers is that, outside state-owned forests (Farmer 2003; FAO 2006) , we have very little idea of the actual incidence of forest fire. Major forest fire events have been fairly sporadic over the last 50 years or so and we do not face a predictable or severe forest fire season every year, but this may change in the near future. A trend towards increased forest cover in the UK, and changes in the rural economy that may favour woodland expansion (Oglethorpe 2005) , mean we may not only face more flammable existing forests but also the same situation of dense stands of young, pre-thicket coniferous trees that caused problems in the 1960s and 1970s.
Studies on managing fire danger in UK forestry demonstrate that at the local level there has been much concern about the importance of managing wildfire risk, and in some cases a realisation that prescribed burning can be used as a management tool (Forestry Commission 1937; Parsons and Evans 1977; Ingoldby and Smith 1982; Mayhead 1990) . Some practices, such as slash and residue burning for ground preparation before afforestation, are relatively common but could be planned more easily and completed more safely if a fire danger forecast system existed. Tests of the existing Special Hazard Rating Index (Rouse 1959) Wagner 1987) . Certainly the cost of developing and implementing a system is likely to be low in comparison to the estimated £500,000 it cost the Forestry Commission in Wales to replant following the spate of wildfires in 2003 (Farmer 2003) . The forest fires that do occur in the UK frequently originate on areas of higher fire hazard, such as heath or grassland (Figure 3) , and a network of burnt firebreaks, similar to those seen on managed moorlands, may help prevent fire spread into and through forests. Locally, some managers do use such management to reduce the number, intensity and the chances of crown fire of any fires that do occur. Prescribed fire can also be used as an ecological tool and there is a need to recognise that, even in the UK, some fire is a desirable and even natural part of our forest ecology (Allison 1954; Weatherall 1954) . Prescribed burning is a tool that can be used to develop diverse forest habitats, and it can be used to reach conservation objectives such as the promotion of pine wood regeneration (Hancock et al. 2005 ) and woodland expansion. Burning within forests could serve to promote beta-level diversity (Schimmel and Granström 1996; Angelstam 1998) as well as to alter ground structure in a way that may be beneficial in managing endangered species such as capercaillie (Tetrao urogallus) and black grouse (Tetrao tetrix) by promoting blaeberry (Vaccinium myrtillus) at the expense of heather, and by creating diverse woodland edge habitats (Bruce and Servant 2003) . Burning might also be used to modify surface fuels, reducing, for example, the cover of fire-prone vegetation such as species of Ulex and Calluna. Such management will have the additional benefit of altering our fire regime from 'stand replacing' wildfires to low-intensity, controllable surface burns. The targeted application of prescribed fire can be used for fuel management, fire-break creation, ground preparation for planting or natural regeneration, and to protect specific features of concern, such as areas where recreational use is particularly high, or ecologically-valuable sites such as bog woodland where fire may not be desirable.
Good examples exist over how fire hazard can be managed through forest design but some of these ideas may now be somewhat unfashionable. Larch (Larix spp), for example, have been used in plantations to suppress ground cover and to create firebreaks (Parsons and Evans 1977) , and increased proportions or belts of native broadleaf deciduous species will have a dampening effect on fire spread. Deciduous trees, including birch (Betula spp) and willow (Salix spp), tend to sprout vigorously following fire (Ascoli et al. 2006) , and concern over damage to such species during prescribed burning operations may often be unwarranted. There is also a need to consider the risks of fungal infection of roots in severely burnt areas (Jones 2002) , and the possibility of igniting peat deposits beneath large piles of intensely burning slash or where ploughing may have created dry peat ridges (Figure 3 ).
CARBON MANAGEMENT ON ORGANIC SOILS
The role of fire in the carbon balance of upland peatlands has been somewhat controversial of late (Pearce 2006 ), yet the evidence as to its effects is at best patchy and somewhat contradictory (Gray 2006) . The management of peatlands is important because sequestration over millennia means that the UK has a massive amount of carbon stored in peat, many times greater than in plants (Cannell et al. 1993; Milne and Brown 1997) . The definition of peat generally includes depth as a qualifier, and such soils are usually described as organic soils with a depth greater than at least 30 cm; although 40 cm and 50 cm have also been used as defining depths (NCC 1990; Lindsay 1995; Rydin and Jeglum 2006) . However, in the UK there are significant deposits with high-carbon content of a lesser depth, for example in the Lammermuir and Pentland Hills in Scotland; these may be at more risk from wildfire
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than deeper, wetter deposits. The challenge for upland management is to ensure that the amount of carbon stored within the peatland system is retained and any losses are minimised. Low-intensity peatland fires generally result in good vegetation recovery following burning (Hamilton 2000) . Management fire can remove thick layers of Molinia litter and reduce shading, thereby encouraging Sphagnum moss (Gray 2006) . Management fire also prevents the build-up of fuel that might lead to intense, damaging burns. An additional effect is to promote vegetative regeneration of heather, and heather sprouts have been seen to provide a 'climbing frame' that can aid Sphagnum growth (Hamilton 2000) . Thus, while the immediate consequences of fire are the loss of carbon to the atmosphere and death of important peat-forming species such as Sphagnum, in the intermediate term the removal of shrub cover and litter may permit rapid recovery and expansion of Sphagnum and peat formation. In the long term, fire has been argued to promote increased Calluna dominance and changes to the hydrology of the bog that result in desiccation and oxidation of peat (Yallop et al. 2006) . The removal of vegetation through burning alters vegetation structure and competitive interactions between species, thus leading to an altered species composition. At the Hard Hill experimental site on the Moor House National Nature Reserve in northern England, a more frequent burn rotation has resulted in increased occurrence of Eriophorum spp. (Gray 2006 ), which may have caused an increased methane flux to the atmosphere through passage in aerenchymatous tissue (Bubier and Moore 1994) .
Physical changes to peat depend on the frequency and severity of the fire. Intense accidental wildfires with a high-fuel load are often the most severe and may result in ignition of peat deposits and post-fire erosion (Maltby et al. 1990; Legg et al. 1992) . Intense, severe wildfire is likely to change the water storage capacity of the peat through drying effects and the production of waxes during intense fires (Clymo 1983; Tucker 2003) , and can also increase the area of bare peat. Such changes may increase evaporation and runoff which, combined with a projected temperature rise, may lead to amplified fluxes of dissolved organic carbon from the peatland system (Dawson et al. 2002; Worrall et al. 2004; Worrall and Burt 2005) . The alteration of water storage capacity may also lead to an altered water table, thereby changing the balance between aerobic and anaerobic decomposition, with consequences for the carbon balance, including methane emissions (Gorham 1991; Bubier and Moore 1994; MacDonald et al. 1998) .
Burning causes a short-term increase in availability of nutrients and alteration to pH, although there are undoubted losses from the system through smoke, volatilisation and losses of ash. Early research suggested that there may be long-term shortfalls in the replacement of N, P and K (Elliott 1953) , however subsequent research concluded that losses would be replaced from atmospheric inputs (Allen 1964; Robertson and Davies 1965; Tucker 2003) . The implications for carbon dynamics are unknown at present but, given the advances in research and technology in recent years, the debate over nutrient budgets needs to be revisited.
There is also evidence that the perturbation of fire stimulates microbial activity within peat and probably increases the rate of decomposition (Maltby et al. 1990) . Limited evidence also suggests that the post-fire fluxes of methane increase, although the mechanisms for this are at present unknown (Hogg et al. 1992; Gray 2006) . Rates of peat accumulation have also been noted to be lower in areas that are burned (Kuhry 1994; Garnett 1998; Garnett et al. 2000) , suggesting that, in terms of carbon sequestration, burning may not be beneficial. However, a balance needs to be struck between small decreases in carbon sequestration and the risk of severe wildfires leading to the direct combustion of peat, increased erosion and thus large-scale carbon loss. The scenarios of warmer and drier summers for the UK (Hulme et al. 2002) and the widespread occurrence of dense Calluna canopies on many upland peatlands seem ideal conditions for the promotion of severe wildfires. Relationships between fire, drainage and grazing on bogs need to be better understood, especially as the UK Climate Impacts Programme (UKCIP) climate change scenarios (Jenkins et al. 2007) indicate warmer and drier summers and the potential for lower summer water tables, summer drying of bogs, and the increased risk of wildfires or uncontrolled management fires.
Where forests are found on organic and peat soils, the need for fire prevention is even greater as the smouldering of peat and duff has been found to be positively associated with greater tree cover (Miyanishi and Johnson 2002) . Forestry plays
an important role in drying peatland areas, both through mechanical preparation and through the water requirements of trees themselves (Figure 3) and it is uncertain how the loss of carbon from organic soils relates to sequestration by trees (Cannell et al. 1993) . Intense surface fires that, on heathland areas, have little ecological impact have been observed to initiate peat smouldering over large areas upon entering forests (Figure 3) . The manipulation of fuel loads to reduce fire extent and severity becomes even more important in such situations.
THE CHALLENGE OF FIRE MANAGEMENT
The landscape character of the uplands of the UK is defined by the use and abuse of fire in a way similar to a number of other areas worldwide that are now acknowledged to be highly dependent on natural or anthropogenic fire regimes. The ponderosa pine (Pinus ponderosa) forests of North America, the Australian bush and the savannahs of Africa are other prime examples (Whelan 1995) . Modification of fire regimes and fire suppression in such habitats can have disastrous consequences if not carefully planned (Shinneman and Baker 1997) and, at the very least, a change in fire regime will fundamentally alter the nature of these areas. In the absence of burning, we can, in the short to medium term, expect to see changes in vegetation that will not only make it more prone to wildfires, but which could also lead to much more severe fires and extensive damage to the environment when they do burn. Considering the threats to upland areas from climatic and environmental change (Milne and Hartley 2001) , we should carefully consider how we can use prescribed fire in order to preserve their unique character.
RECOMMENDATIONS FOR DEVELOPING FIRE MANAGEMENT
Current variation in the quality of the use of management fire and confusion about the role of fire in upland ecosystems is worrying and requires urgent action. Below we present a number of important general recommendations that should guide the policy and practice of prescribed burning.
An ecological approach to management burning
There is undoubtedly considerable variation in the quantity and quality of management burning in the UK and we argue that this calls for a sound ecological basis for the use of fire. This should consider:
1. Vegetation structure and species composition; 2. Fuel flammability;
3. Plant traits in relation to the risk and effects of fire;
4. The impacts of both individual fires and the overall fire management regime in relation to desired management objectives.
Such an approach will include determining the fire hazard represented by different areas of the landscape, the risk and potential impacts of wildfire outbreaks, the suitability of weather for safe management burning, and the effect of the management burns themselves. Specific examples of how this should be considered include:
• Placing greater focus on burning young, building phase, Calluna when using fire for traditional moorland management. Not only do young stands regenerate far better, both vegetatively and from seed, than older areas (Davies 2005) but fires in them are much more controllable and require fewer resources to manage safely ).
• Designating fire-free areas on traditionally-managed moors in the realisation that areas of older Calluna are an important part of the landscape mosaic and may provide a refuge for firesensitive species as well as nesting sites for species such as hen harrier and red grouse.
• Increasing the scope for using fire in forestry and woodlands for fuel and biodiversity management through the provision of training for its use and the review of laws forbidding 'damage' to woodland by fire.
• Undertaking a risk analysis for any major change in management (e.g. Linkov et al. 2006) . For instance, one should carefully consider what changes we would expect to see in the carbon balance of peatland areas if cessation of burning were to result in the expansion of woodland or an increased risk of severe fires.
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Above all, we should seek to utilise an 'Adaptive Management' approach (Holling 1978) by defining the desired fire regime and its expected outcomes and being prepared to reassess this fire management strategy, learning from our mistakes, if objectives are not met.
Careful consideration of fuel management and fire hazard
The idea of "fuel management" is now well established elsewhere in the world (e.g. Baeza et al. 2002; Graham et al. 2004 ) and suggests that a network of prescribed burns to break up large areas of flammable vegetation are desirable from a fire control point of view, even when the management aim is to avoid fire where possible. Examples of this approach include:
• Using fire to create fire breaks and control zones that can help prevent whole landscapes being lost in a single wildfire. A small quantity of burning alongside tracks and other natural firebreaks is advisable as part of a wider fire protection strategy in areas otherwise set-aside from burning.
• Allowing licensed burning outside the legal season in Scotland to enable the use of prescribed fire for firebreak creation, to achieve defined management objectives when weather has been poor in spring, and to allow research to understand the behaviour of summer wildfires.
• When considering fire effects on carbon cycle processes in peatlands, removing the arbitrary and variable depth distinction (NCC 1990; Lindsay 1995; Rydin and Jeglum 2006) would give a more holistic approach. Peat should be defined solely according to carbon content; including all soils with an organic carbon content greater than 14% (25% organic matter) (cf. MISR 1984). Thin, dry peat deposits on moorlands may well be at greatest risk from ignition by wildfires, and a fire management strategy should be in place to protect them.
• The above point suggests that we should seek to manage the burning regime of peatlands in order to avoid catastrophic, severe peat fires whilst preserving their ability to sequester carbon. If burning declines on dry or degraded sites because of concern over carbon emissions, it should be remembered that land management is required to reduce the risk of severe wildfires and prevent invasion by woodland.
• Wildfire planning should be built into forest management and design, including requirements for access and water for fire fighting and also through the manipulation of the balance between tree species and composition of ground flora through the use of prescribed burning.
• Using prescribed fire and fuel management in forestry to exclude fire from some areas or to develop disturbance regimes that benefit biodiversity and woodland regeneration objectives (Anglestam 1998; Hancock et al. 2005 ).
Organised fire reporting and planning
A central database that collects information on when and where wildfires happen is essential both for the UK to fulfil its international data reporting obligations (FAO 2001) , but also to provide us with evidence of the location of 'problem' areas and times where fire management planning and education can be focused. The on-going review of the Fire Brigade Incident Reporting System (Gazzard 2006) is welcome in that there will be a common system for the collection of wildfire data between fire brigades and the possibility of a central reference point for information on rural vegetation fires, but there is still room for confusion about the sort of vegetation involved in fires; for example, the heathland/moorland category could equally well apply to species-poor acid grassland as intact Calluna-dominated heaths. Other areas that should be examined include:
• Local fire management plans and burn plans for estates that can be shared between neighbours and the fire brigades. These should explain where and what the targets and objectives for prescribed burning are. It is a requirement under the current legislation (SEERAD 2001; DEFRA 2007 ) that estates inform their neighbours and the emergency services before burning, but it is unclear how strictly this is adhered to. Such problems go to the heart of the need to professionalise the practice of, and attitudes to, prescribed burning in the UK.
• Getting local managers involved in research and listening to their requirements is essential.
Research and development should be a two-way process that makes managers' lives easier rather
than complicating matters for them. Expanding voluntary reporting of wildfires not attended by the fire brigades and recording the experiences of managers when burning under a variety of conditions (Legg et al. 2007) would not only get them involved in the process but would also provide much needed data on the extent and nature of burning in the UK.
SUPPORT FOR RESEARCH AND DEVELOPMENT
Academics have a tendency to continually state that 'more research is needed,' but in the case of wildland fire in the UK, this is certainly the case. Fire is an extremely controversial issue that arouses passionate argument from all those involved in land management. In terms of fire forecasting and prediction ability, we currently lag behind many other countries where fire plays an important part in the landscape. This is partly because burning is controversial, making it a difficult subject to tackle, partly as historically extreme fire years have been infrequent, and partly because prescribed burning has been labelled a 'traditional' practice, imbuing it with a pre-determined legitimacy, allowing it to avoid serious investigation and resist efforts to change.
A central plank of a fire management strategy must be the development of a fully functioning and reliable Fire Information System for the UK. Recent research suggests that the existing Met Office Fire Severity Index (MOFSI) may not work very well at present for heaths and moorlands (Davies 2005; . The Canadian Fire Weather Index System it is based on (Van Wagner 1987) has been widely implemented elsewhere (e.g. Alexander 1989; Granström and Schimmel 1998; Anderson 2006; Fiorucci et al. 2008) and may be suitable for some of our plantation and natural forest types.
Further development of MOFSI is needed to ensure it can forecast Calluna fire hazard and behaviour, grass and crop fires, forest fire and peat fire potential in a UK context. This work would not only benefit land management and conservation in the UK, but much of it will be of great relevance to fire science globally. Calluna-dominated moorland, in common with other shrublands around the world, demonstrates complex fire behaviour relationships and represents a significant challenge in terms of fire danger rating. Development of a working system will, in particular, require research into spatial and human elements governing fire risk, as well as the development of live fuel moisture models.
Further research is required across the full range of fire-prone habitats to clarify questions about exactly how much management burning goes on, the existence of fire sensitive and fire follower species, the impact of regular management burning on peatland hydrology and carbon dynamics, and the effect of fire on other ecosystem services, including its role in water quality and atmospheric pollution.
A 'PARTICIPATORY' APPROACH
In the face of the challenges facing the UK uplands, we need to ensure that we both maintain and develop our knowledge of fire impacts, risk and hazard and constantly review any guidelines issued. The development of recommendations and regulations surrounding burning needs to be done with sensitivity to the views of both land managers and conservationists who currently seem to view one another with, at the very least, a degree of mutual suspicion. A 'participatory' approach is needed, which requires both sides to be sensitive to the others' needs and desires, but in agreement that conservation and land management should always strive to be evidence-based. Foresters and conservationists, for example, should seek to be closely involved in local fire protection groups and to develop working relationships with neighbouring land managers, particularly reaching out to crofting communities on the west coast of Scotland where uncontrolled fires can be a significant problem. Where existing management is not as good as it could be, practice will only be improved by education and participatory local policy formation. Management burning is relatively heavily regulated already and only permissible at times of year when suitable weather is a major constraint. The key is for policy makers and land managers to work cooperatively, to ensure existing regulations are followed and to develop management training along best-practice, evidence-based approaches.
Although recent attempts at consultation are admirable (e.g. SNH 2003) , greater effort is needed. impacts of fire on nesting birds led to suggestions that the spring burning period should be curtailed in favour of a longer period in the autumn. Many land managers, in Scotland particularly, felt this completely ignored the fact that they were primarily concerned with stalking in the autumn periods and they received little reassurance that possible changes would not also occur in Scotland. Putz (2003) points out that we should learn to appreciate traditional land managers for the role they have had, and continue to play, in creating the very landscapes we value. Land managers themselves, however, must begin to participate more fully in research and training exercises (such as the Scottish Wildfire Forum and the bi-annual 'Wildfire' conference and training event (Northwoods 2007) , recognising that there are good financial and ecological reasons for doing so. Too many issues surrounding the ecology of the uplands are mired in nineteenth century politics and old divisions between the disenfranchised working class, for whom access to the countryside was difficult and on occasion violently resisted (Donnelly 1986) , and richer elements of society who enjoyed the sporting pursuits provided by these areas. To a large degree, the modern conservation movement is the successor of early animal rights groups (Evans 1997) and mass movements that fought for access onto privately-owned estates, and their views can still influence such battles. Recent legislation providing open access land in England and Wales and enshrining the land access in Scotland have re-opened such debates. Other associated management problems, such as the persecution of raptors (Thirgood et al. 2000) , arguments over the size and impact of red deer populations, and the fact that traditional conservationist views of fire and disturbance as only destructive still remain, mean that many view burning with a degree of trepidation, if not with outward hostility (Dougill et al. 2006 ). In the UK, arguments for and against burning can be just as much an extension of historic class divisions as anything to do with ecology. Efforts to move away from this combative approach need to be made and must be evidence-based.
COLLABORATIVE FIRE-FIGHTING AND RISK MANAGEMENT
Changes in the UK's climate, environment and society now call for us to take vegetation fires seriously, not just so we can maximise the benefits of prescribed burning and minimise the potential for ecological damage, but also because of the strain these events are increasingly putting on the emergency services (Fire Brigades' Union 2006) . In this context the development of local fire groups throughout Scotland ) is welcome as they bring together local land managers and the fire brigades. This process must, however, be extended beyond its origins in the eastern Cairngorms and Northumberland to the rest of the UK. Targeted fuel management burning is one way in which wildfires can be reduced and is a job for individual land managers; fighting wildfires, on the other hand, meets with much greater success where land managers, the fire services and land-based agencies work together co-operatively. In many areas this happens at least in an informal manner and should be encouraged.
FINANCIAL SUPPORT FOR IMPROVING PRACTICE
An integrated landscape-scale approach to burning peatland ecosystems in the UK will require consideration of the policy mechanisms currently in place. There are several mechanisms that could be used for the financing of burning practice in relation to carbon cycling, not only for specific carbon conservation projects but also for integrated projects within the rural farming environment. These have included the now closed Peatland Management Scheme, the Forestry Grants Scheme, the Rural Stewardship Scheme, as well as Land Management Options. In Scotland, funding mechanisms under Rural Development Contracts include Rural Priorities and Challenge Funds. By far the most comprehensive work on peatlands in relation to management has been done through the European Union LIFE Nature scheme (Europa 2008 ). This has allowed landscape-scale restoration work in peatlands, although they focus directly on Natura sites, designated under European Commission Directives, and 2005 was the last year for applications. Funding of Natura work will now come through the Rural Development Regulation 2007 Regulation -2013 . Much of the funded work to date has concentrated on tree removal and drain blocking, but there is no reason why this cannot be extended to other types of management such as burning and grazing.
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CONCLUSIONS
Management burning and wildfires currently play a significant role in defining the character of Britain's upland landscapes, but there is now growing argument over whether the roles they play are beneficial (see http://www.fires-seminars.org.uk for more information on some of the current debates). Current fire management practice has evolved relatively little over the last 200 years and primarily aims to maximise the productivity of Calluna, red grouse and sheep. That traditional burning has some biodiversity benefits is more by luck than design, and poor management practice can lead to both wildfires and damage to the very habitats fire has been used to try to enhance. Significant changes are taking place in the climate, environment and economy of the uplands, which, along with greater public concern for these areas, mean that management practice is increasingly required to effectively demonstrate that it is beneficial. In the UK, the debate about fire is all too often simplified into 'wildfire versus management fire' or 'continued use of fire versus banning burning', without any consideration of the subtleties of fire behaviour. Management fire need not be just about grouse moor management and sheep grazing; a range of fire regimes is possible in our uplands and we can decide what regime is appropriate for a given set of objectives. A number of organisations and individuals are increasingly recognising the varying roles that fire can play (e.g. Hancock et al. 2005; Bruce and Servant 2003) and there is, no doubt, also a significant amount of progressive management that goes unreported. In general, however, we suggest that there is a growing need for managers and conservationists to move away from traditional approaches to a more formalised and carefully thought-through use of fire if we are to adapt fire regimes to a changing environment and the environment to changing fire regimes. The current 'FIRES' seminar series is attempting to bring together researchers and stakeholders to address some of the issues on the role of fire in ecosystem services (http://www.fires-seminars.org.uk [accessed 30 June 2008]). The objectives of management should be carefully considered before any action is taken and the use of fire considered carefully as a means to achieve them. At a general level: 1. Fire should be acknowledged as a powerful management tool and an important part of the ecology of the uplands.
2. Fire should be an integral tool of upland land managers and ecologists, even when their primary goal is to maximise fire return intervals.
3. Management practices should take into account wildfire risk, impact and prevention.
4. Management objectives should be welldefined before any use of fire as a means to achieve them.
5. Management should adhere to the principles of 'Adaptive Management' (Holling 1978) , where success in achieving stated objectives is assessed, successes and failures documented and understood, and lessons learned are fed back into successive management interventions.
6. Policy mechanisms should be informed, readily available and adaptive to encourage the use of fire as a management tool.
As a final thought it is worthwhile considering the following quote on heather burning by Magnusson (1995) :
'Today what was to the Victorians merely a method of practical management to indulge their sporting proclivities is being held up, in some quarters, as the ideal natural heritage for large swathes of Scotland.'
Although this sounds rather harsh, it points out that we should remember that the use of fire is a practical technique that evolved relatively recently to meet specific management goals. We should try, therefore, not to become too attached to it on the basis of tradition or emotion, but constantly reevaluate the use of fire, in both its extent and design, in order to meet the challenges and goals of upland management in the twenty-first century. A change to upland fire regimes is inevitable; it is now time for those with interests in and responsibilities for land management to decide whether to work together to manage that change to mutual advantage or deal with the consequences of taking no action. 
